 —
"

NACA RM No. A8HO03

” v r‘.‘uLASS”‘:'EE Copy No. &)

RM No. A8HO03

CLASSIEICA NG
o UNCLASSIF' | T

uthority of}l-,.,c& %ﬁl =2 -3 75 R 3 st
R B e A T

SOME PRELIMINARY RESULTS IN THE DETERMINATION OF
AERODYNAMIC DERIYATIVES OF CONTROL. SURFACES IN
THE TRANSONIC SPEED RANGE BY MEANS OF A
FLUSH-TYPE ELECTRICAL PRESSURE CELL

By Albert L.. Erickson and Robert C. Robinson

Ames Aeronautical Laboratory
Moffett Field, Calif.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
October 8, 1948 .

RS T AT ARCOIrIrm



_E?- B _—".-‘_lg:\i_:_—] . _
NACA R No. ABHO3 emtmmne .U |

3 1176 01359 9288

NATTIONAL ADVISORY COMMITTEE ¥FOR AERONAUTICS

RESEARCH MEM

SOME PRELIMINARY RESULTS IN THE DETEEMINATION OF AERCDYNAMTC
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BY MEANS OF A FLUSE-TYPFE ELECTRICAT. PRESSURE CELL

By Albert L. Erickson and Robert C. Roblmnson

SUMMARY

A flush—type electrical pressure cell is used for measuring rapidiy
changing aerodynamic forces on a flubtering control surface. By means
of this method, fluctuations of pressure on an airfoil may be measured
during flutter and the corresponding verigtions of hinge moment may be
computed. Dgta sre presented for one cycle of control motion in order
to show the applicabllity of the technique. It i1s concluded that this
technique is valusble for the measurement of aerodynamic forces., It is
pointed out that the method has special merit in the investlgation of
two~dimensional effects end the study of upper and lower surfaces inde—
pendent of one snother.

Some interesting results obtained uwsing the flush-type electrical
pressure cells are presented., It 1s shown that separation has two
effects: First, it reduces the hinge moment as might be expected;
and, second, it increases the time lag of the hinge moment, Therefore,
the upper and lower surfaces are affected in a considerably different
manner, It is further shown that the nonlinear statlc hinge moment can
be closely spproximsted by the fundamentael resultant hinge moment plus
the in-phase portion of the second harmonic.

INTRODUCTION
Generally spesking, the measgurement of oscillating aerodynamlc
forces by the ususl methods requires the preclse determination of
a1l mechanical forces and, for two—dimensional resultis, the complete

elimination of end effects., These requlrements can be dispensed with
if the aerodynamic forces at midspan can be measured directly

JNCLASSIFIED
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by a device such as an instantaneous recording pressure cell,

The present report deals with the application of such & preasure-
megsuring technique to the direct msasuremsnt of aserodynamic forces in
the investigation of transonic flutter aof control surfaces 1n the Ames
16-foot high-speed wind tunnel.

SYMBOLS
The asymbols used in thils report are defined as follows:
alleron hinge—moment coefflclent (""E’_E)
q bg Ca
hinge moment, lnch-pounds :

free—gtream Mach number

preasure coefficient \<b:fs

)

Che
H
Ho hinge-moment vector, inch—pounds
M
P

&Op
AP pressure-coefficient increment T

bg - alleron span, inches

Cq root-mean square aileron chord, inches

bl flutter freguency, cycles per second

P locel static pressure, pounds per square inch

Ap local static pressure change, pounds per squere inch
Pg free—gtream static pressure, pounds per square inch
q dynamic pressure, poundsg per sgquare inch

t time, seconds

a angle of attack, degrees

Ba, alleron angle, degrees or radlans

Bag alleron poslition vector, degrges or radlans
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i

P phase angle relative to the starting point of the anaslysis,
radlanas :
® circular frequency (2xf), radians per second

MODEYL AND INSTRUMENTATION
Model

Figure 1 shows the model mounted in the wind tunnel with some of
the test Instrumente in the foreground. Ihe upper half of the tunnel
shell is partlally opened and appears at the top of the photograph.
The model weas the same partial—span wing described in reference 1
except that the ailsron was divided into three parts of egual span to
reduce the loade which had vresulted 1in structural fallures during
earlier tests. The Inboard and outboard sections were restralned
at zero alleron angle,whlle the center portion, which had a aspan of
28.75 inches, was used for the flutter teste. As in reference 1,
the wlng was restrained in bending and torslon by a tip strut. A
chordwlse row of 23 pressure cells and a parallel row of static—
pressure orifices were ingtalled at a statlon 8.75 inches from the
outboard end of the portion of the alleron tested.

The Pressure Cell

The pressure cells used in this test (fig. 2) were of a specilal
design having a pressure—sensitive diaphragm flush with the airfoll
surface to avold the phase and asmplitude errors present when tubular
or oriflice connectlons are uged. The diaphragm was made of 0.003~
Inch steel and was soldered to = l/ 2~inch-dlameter steel cylinder.

A 120-ohm stralin gage was cemented directly to the inner surface of
the diaphragm and the electrical and reference pressure leads werse
taken out through an insulating plug at the other end of the cylinder.
The natural frequency of this assembly was epproximately 6000 cycles
per second. In this test the free—stream static pressure was used

ag the reference pressure for all cells.

Electrical Ingtrumentation
The degree of ampllificatlon and gtabllity regulred of an

electrical gystem to operate with the flush-diaphragm pressure
cells was not to be found in any commercilelly available equipment.
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Therefore, special equipment was degigned by the NACA. .

An oscillator having a frequency of 2000 cycles per second wasg
used to supply the brldge voltage for a reslstance bridge, one leg :
of which was the pressure—cell atrain gage. In operation, the bridge
was unbalanced a predetermined amount and the straln-gage pickup
changed the unbalance ln proportion to the pregsure to be measured.
The modulated carrier current was then amplified and rectified and
indicated pressure changes wlth spproprlate sign. Only 15 amplifier
chammels were available for this test so the data for 8 cells on the
alleron and T cells on the wlng were recorded.

All data from 15 pressure cells, L4 acceleromsters for indicating
wing motion, a straln gage, an alleron position indicator, and =a
tinme -reference were recorded by two osclllographe. The strain gage
mezgured the force exerted by a hydraulic damper. The aileron
posltion and the time reference were recorded by both ingtruments,
which operated simultaneously. Correlation between the two records
was mede by uslng the time reference to match c¢ycles, with the exact
correlation coming from the alleron—positlion trace.

Preciglon

In callibrating the pressure cells, 1t was found that tempera— 1
ture changes caused a relatively large zero drift but that the slope
of the calibrations was essentlally unchanged. Thils is 1llustrated
for one cell in figure 3. For the tests, the bridge circult balance .
wag adJusted so thet the entire calibration fell wilthin the llnear
range of the amplifier. Static callbrations of four typical cells
appear in figure k.

The frequency response of the pressure—cell-amplifier system .
wag Invegtigated by imposing a known pressure varlation on the -
preassure cells at several frequencles. The dynamic response corre—
sponded to the static callbration for frequencles up to 20 cycles
per second. At 30 cycles per second the reaponse had dropped
T«5 percent, at 40 cycles 17 percent, and at 60 cycles 33 percent.

In the total hinge moment only the secornd harmonic l1lg significant
compared to the fundamental., The error in the second harmonlic due

to decreased response at 4l cycles per second (fundemental frequesncy
20.5 cycles per second) is about 3 percent of the fundamental. Sub—
gequent to the test, it was found that the decreased response at the
higher freguencleg wag due to a filter choke in the amplifier circuit.

A new choke has been installed which will give, for future tests, a .
flat response curve up to 30 cycles per second, l—percent loss at

<.

LB
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50 cycles, and 2-1/2—percent loss at 100 cycles.

By using photostatlc enlargements of the original oscillograph
records 1t was possible to read time to an accuracy of 0.0003 second,
or, at 20 cycles per second, 0.6 percent in frequency and phase angle,
which gives a maximum possible phase—angle error of about 2.2°. The
accuracy of the oscillograph timing lines was checked against a 60—
cycle input and found to be better than the accwracy with which the
enlarged records could be read.

Because of the zero drift mentloned above, it was posslble to
read only the pressure variatlons accurately and therefore only
hinge—moment verlatlons could be computed. However, since the control
surface was floating, the hings moment at the neutral posiiion was
zero statically and the dynamic hinge moment was the total hinge
moment acting on the alleron during flutter.

To check the effect of curve fairing, one chordwise pressure
variation was based on various assumsd statlic—pressure distributions
and integrated. The deviation was found to be not greater than
2-1/2 percent of the maximm hinge moment. All this deviation was
due to differences 1n fairing the curves.

During flutter the 1lnertias force due to acceleration of the
diaphragm and strain gage produces & response which is in some cases
a significant .part of the total oscillogram reading. Figure 5 shows,
for a frequency of 20.5 cycles per second, the computed varlation of
the lnertia force over the chord of the aileron in terms of an equiv—

alent pressure. Since the inertia force is 90° out of phase with
veloclity, the net work done by it in & complete cycle ls zero.

However, because the inertls force bhag an effect on the force com—
ponent In phase with the ailleron motlon ani on the phase angle of
the resultant force, a correction was applied to the in-phase com—
ponent of the total hinge moment in order to compare the aerodymamic
component with the moment dus to the linertia of the aileron.

RESULTS AND DISCUSSION

In order to examine the pressure—cell technique as criticelly as
posgible, the results from one cycle of motion at 20.5 cycles per
gsecond will be analyzed and checked with information or data obtained
from other sources. The data for the cycle analyzed were obtained at
0.8 Mach number and 1.3° angle of attack.
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General Conslderations '

The normal positlon of the aerodynamic hinge moment for static
conditions ag represented in a vector diagram is 180° ahead of the x
position vector and resultes in a straight—line variation of hinge
moment with disgplacement. In the cape of a self—excilited oscillation,
such as is discussed in this report, there 1g also an aerodynamic
component 90° ahead of the displacement (in phase with the velocity)
which produces a resultant vector leading the motion by less than
180°. A plot of the resultant hinge moment agsinst control digplace-
ment shows a typical hysteresls loop, the area of which ig a direct
measure of the energy being put Into the osclllating system by the
aerodynamic forces. As the phase angle of the resultant hinge
moment approaches that of the velocity vector (90° ahead of the dis—
placement) the hysteresis loop becomes more open, indicating that
more energy 1s being put into the system.

In reference 1, 1t was hypotheslzed that a time lag in the
change of circulation placed the hinge—moment vector in a phage
position less than 180° ahead of the control motion. The resulting
hinge—moment component in phage with the velocity puts energy into
the system and produces the one—degree—of—freedom oscillation known
as transonic flutter.

The pressure—cell date will now be analyzed and evaluated using T
the concepts which have been discussed previously.

Individual Cells

The information obtalned with the equipment that has been
described was recorded as a function of time as shown in figure 6.
The pressure deata have been converted to pregsure—coefflcient
increments and plotted in figures 7 and 8 as a function of ailleron
angle through one cyecle of motion. The plotted points were computed
for equal intervals of time. The only other baslc data shown In thie
report are the chordwlse pressures obtalned with flxed alleron pogi-—
tions. (See figs. 9 and 10.) The instantanecus preseure date were
analyzed to obtain figures 11 to 15.

Returning to figure 6, it can be seen that the aileron motion
1s very nearly slnusoidal, while the individual pressures are perilodic
at the same frequency but are not sinusoidal. The deviations from
the pure wave form may be explained to some extent by the followlng:

SR
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(2) The sudden pressure changes through the shock would account
for the square wave effect recorded by the cell at 55—percent chord
on the upper surface. :

(b) Some interference might be due to the wing bending at 42.3
cycles per second (aileron motion 20.5 cps), as shown by the wing—
motion traces. The actual wing motion in bending was only 0.015 inch
in amplitude and does not appear at lower aileron frequencies (not
shown in this report), indicating that bending resonance was excited.
The cell at 80-percent chord on the top surface indicates interference
very nearly in phase with the wing motion. This fact coupled with the
small absolute,wing motlion indicates a direct lnertia effect on the
disphragm and not any aerodynamic two—degree—of—freedom influences.

(c) The most important causes of the nonlinearity of the final
resultant are probably changes in the time lag and changes in the
degree of separation through a cycle., Either one or both of these
could cause the effect noted in figures 7 and 8 of opening the hyster—
esls loop on one part of the cycle and closlng or reversing the loop
direction on the other. This effect on the loop can be expressed.
mathematically by a second harmonic, as will be shown lster.

The chordwise changes of the pressure fluctuations (figs. 11 and
12) can be explained at least to some extent by the static—pressure
date (figs. 9 and 10). It is recognized, of course, that the fixed—
control data do not show the effect of angular velocity or acceleration.
The large pressure change at 55 percent of the chord on the top surface
is caused by the passage of the shock wave over the cell with 1ts associ—
ated large pressure change. The dynamic changes after the shock all com—
pare with those indicated statlcally except that from the static dats
a larger variation might be expected at 80 percent of the chord. On
the lower wing surface (fig. 12), two cells (49 and 57 percent) appear
to be affected by the shock wave. The much larger change aft of the
shock on the lower surface of the alleron as compared to the upper
surface might be associated with the smaller amount of separstion to
be expected on the lower surface. On both surfaces, varistions occur
ahead of the shock which do not show up in the static plots;
therefore, it 1s probable that these fluctumtions are functions of
the angular velocity and acceleration, being relatively independent
of the control position. Future studlies of the variations in front
of the shock may be necessary.

Figures 7 and 8 are of value in that they show the time lag of

the pressures relative to the aileron motion and in the case of the
cells on the alleron the area within the curves is a measure of the

wll—
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energy belng put into or taken out of the system. From the point of
view of the time lag involved, it is obvious, as mentloned before,
that the time lag 18 changing through a cycle of motion. This effect
leads to a nonlinear type of solution and, in order to determine if
the system of nonlinear influences has any consistent pattern, the
readings of each of the cells have been subjected to a hsrmonic anal—
yeis. The phase poslition and magnitude of the first five harmonics
are shown in tables I and II. The actual aileron motion deviated
from a pure wave form to the extent of containing 7.5-percent second
harmonic and less than 2 percent of the third, fourth, and fifth
harmonics (table ITT) so that the motion was of a relatively pure
sinusoidal form. The reason for this purity is indicated by the phase
positions of the harmonics (tables I and II) and shows up in the
integrated results that will be discussed next.

Integrated Results

In order to evaluate the hinge moments, the pressures plotted
in figures 11 and 12 were Integrated for the first moment about the
hinge line. The hinge moments for 1 inch of span due to the pressure
fluctuations on the upper and lower surfaces have been evalusted inde—
pendently end are shown in figures 13 and 14 as a function of aileron
angle., The upper— and lower—surface compenents were then added vec— .
torially to obtain the total aerodynamic hinge moment presented in
figure 15. The dotted lines show the starting of the next cycle of
motion which was not used in the anslysis. Harmonic analysis of these
results shows that of the higher harmonics only the second is signifi-
cant. (See table III.) The smaller over—ell harmonic content in the
resultant hinge moment as compared to the individual cell pressures is
caused by the different phase positions of the harmonic vectors of the
individual pressures, which also Indicates, as previously suggested,
that variations in the time lag through a cycle cause the effective
second harmonic.,

Figures 16, 17, and 18 show the motion amd hinge—moment variations
indicated by including only the first and second harmonics of each.
The test polnts are indicated in the figures.

It might be expected that the higher average velocity outside
the boundary layer over the aft portion of the alrfoil resulting
from separeted flow would increase the time lag, and this same sepa—
rated flow would ceuse lower maximum hinge—moment fluctuations.
Since 'the alrfoll tested has a greater tendency towsrd separation on
the upper surface than on the lower surface, the hinge moments obtailned
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from the pressure—cell date end presented in figures 13 and 14 will

be examined for this effect. The maximum hinge moment acting on a
l-inch-wide chordwise strip of the upper surfece is only 28 inch-—
pounds compared to 49 inch—pounds on the lower surface, but the upper—
surface loop indicates a phase angle nearer 90°. Therefore, the energy
input for the two surfaces is nearly the same, the reduced hinge

mmen'g for the upper swrface being compensated by a phase angle closer
to 90°. '

Resoclution of the Aerodynamic Moments

As explained in reference 2, periodic motions and forces may be
described by the projJections of rotating vectors on a line, the
meagnitude of the vectors being equal to the maximum displacement or
force.

It is also proved In reference 2 thet a harmonic force with &
frequency different from that of the motion does zero net work in &
time interval which includes ar integrsl number of cycles of both
force and motion. Therefore, the second and higher harmonics of the
hinge moment produce zero net work during one cycle of the fundamen—
tal motion and, as the aileron motion is so nearly pure, oniy the
fundamental hinge moments in table ITII will be considered in the
comparison of serodynemic and mechanical forces.

In order for a steady oscillation to exist, the resultant of
the vectors which represent the varying hinge moments must be zero.
If the resultant is not zero the oscillatlon will be either diverging
or converging, depending on the vector position of the resultant.
Since the amplitude of the aileron angle was relatively constant for
the record from which the cycle being analyzed was taken, it is resson—
able to assume that the resultant of the aerodynamic and mechanical
moments should be zero and comperison will be made on this basis.

Harmonic analysis of the data in figure 15, starting at en.
arbitrary pleace in a cycle, gave the following equations for the
aileron motion and the total hinge moment:

8g = —4.65 sin @t + 2.67 cos wt (1)
H = 45.13 sin ot — 54.25 cos wt (2)

The vector diagram for these equations 1s shown in figure 19 where

the cosine terms are plotted on the vertical axis and the sine terms

on the horizontal axis. The hinge moment and aileron angle are
obtained from the projections of these rotating vectors on the vertical
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axis. Rotation is measured counterclockwise from the positive side
of the horilzontal axis. Since the inertia forces are in phase with
the resultant motion and viscous demping forces lag the motion by
90°, it will be convenient to rewrite equations (1) and (2) so that
the aerodynamic moment is resolved into components in phase with and
90° out of phase with the resultant of the motion vectors,

with .
Bg = 5.36 sin ot (3)

then : : '
H = —66.19 sin wt + 24.48 cos wt (%)

A correction can now be made for the effect of the inertia of the
pressure—ell diaphragms. It was found that the inertia forces of
the diaphragms reduced the in-phase component by 4.88 inch—pounds,
making the corrected in—phase coefficient -71.07. Flgure 20 shows
the vector diagram for the in— and out—of-phase components with the
inertia correction included. From this diagram, it can be seen that
the in—phase component of hinge moment is negative and directly
opposed to the forces due to acceleration. The out—of-phase component
is 90° ahead of the displacement and in phase with the velocity
(negative aerodynamic damping); consequently, it puts energy into the
system end must be counteracted by positive demping forces in order
for a steady oscillation to exist.

Comparison of Aerodynamic With Inertis Moments

The sbove values of hinge moment are for a chordwise strip of 1—
inch span. In order to arrive at the moments for the complete control
it is necessary to assume a spanwise distribution. Since the strip
being analyzed was one—~third of the control span from one end of the
control, it was assumed that the values obtalned should be reasonsble
averages and they were multiplied directly by the control span of
28.75 inches to obtain one aerodynamic component of 2042 inch-—pounds
180° out of phase with the motion and another of 704 inch-pounds 90°
ahead of the motlion and in phase with the velocity. The moment of
inertia of the control surface wes 1.53 inch—pounds seconds squared
and the circular frequency « of the motion was 128.9 radians per
second. From these values an inertie moment of 2378 inch—pounds was
computed. The viscous damping moment from the oscillograph record was
168 inch-pounds. The mechanical and aerodynamic moments for the complete
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control are shown in the vector diagram of figure 21. The difference
between the inertis moment and the opposing aerodynamic moment amounts
to 15 percent of the inertis moment. It is believed that this ig a
reasonebly good check on the accuracy of the pressure—cell system when
the approximetions involved are considered. The much larger discrep—
ancy between the deamping components is probebly due to aerodynamic
damping at the ends of the control.

Comparison of Static and Dynamic Hinge Moments

In reference 1, it was suggested that the static hinge moment be
used as the resultant hinge moment with its position in the vector
diagram being determined by the empirical phase equation presented.

It is interesting to compare the dynamic results for this one cycle
with what might be predicted by the method of reference 1. The
resultant of the in— and out—of-phase components divided by the
maximum aileron angle of 5.36° gives a hinge—moment coefficient per
degree of motion of 0.016 compared with a static value of about 0.021
for the complete control. This comparison is obtained by rewriting
equation (4) and including the inertia effect of the diaphragm so that

HE =75.2 sin (ot + 2.79)

and then letting the phase angle (2.79 radisns) equal zero which com—
pares with the recommended procedure outlined In reference 1 for
predicting the hinge—moment slope. As a further investigstion, the
second harmonic of the hinge moment can be written in the following
manner: -

H=2.15 sin 2 wt — 9.94 cos 2 wt
or
E = 4.30 sin ot cos wt + 9.94 sin® ot — 9.94 cos” ot
Then in figure 22 the in-phase component is added to the resultant or

H="75.2 sin ot + 9.9% sin® ot

These hinge moments are then plotted as & function of the alleron angle
as determined from equation (1). It is interesting to note that the
dynamic values tend to follow the static hinge-moment date obtalned

from strain-gage measurements on the complete alileron, which substanti-
ate to a considerable degree the hypothesis of rseference 1 that the
dynamic resultant 1s not greatly different from the static hinge moments.

..,
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CONCLUDING REMARKS

A valuable technique employing electrical. pressure cells has
been developed for the direct measurement of oscillating alr forces.
Results obtained from the analysis of cne cycle of motion are shown.
This technique has particular advantages in the study of two—
dimensional effects end also in the independent investigation of
upper and lower surfaces or parts thereof.

The analysis presented in demonstrating the technigue showed
that an increase in eeparation increases the time lag and decreases
the hinge moment.

It is alsoc shown for the single case that the nonlinear static
hinge moment can be approximated by the fundamental resultant hinge
moment plus the in-phase portion of the second harmonic.

Ames Aeronsutical Laboratory
National Advisory Committee for Aeromautics,
Moffett Field, Calif.
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ON UFTER WING SURFACE

RESULTS OF HARMONIC AMALYSIS OF INDIVIDUAL PRESSURE FLUCTUATIONY

Phage of & resultant for

Cell Fundamental | Magnitude of harmonice as a
Looetlon resultant | percent of the fundamental harmonios noted, @
(vercent | pressure- (dog)
thard) coefficient _
increment | o 3 b 5 |2 le | 3 ¥ {5
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96 L0561 | 46,7 7.5 {3.6 1.81e7h |88 135 | eu3 |20
W

EOHQY *ON W3 VDMK




TABIE IT

RESULTS OF HARMONIC AFALYSIS OF INDIVIDUAL PRESSURE

FLUCTUATIONS ON LOWER WING SURFACE

Cell Tundsments]l |Magnitude of harmonics as a| Fhase of e resultant fer
](.;g:::;g: ;g:glﬂ percent. of the fundamental harmonic:;e 31;(;:1, P
chord) coefficiomt | o 3 b 511 s | 3| 4|5
24 0.0782 52.6 11,8 | 10,5 3.8( 129 | 162 | 103 | 1k {162
W7 .1h62 51.3 14,6 | b 1(12.7f 343 | 37| M| 96| 5k
57 .16k 38.0 9.6 | 1.3| 4.9§ 136 Lo | 252 | 117|150
66 .0319 58.3 23.8 | 3.1| k.bj131 | 126 | 67 0135
80 1705 31.8 3.9 1 2.1 5.0f 155 96 | 117 | 12k | L5
92 160k 19.7 2.5 | 1.2| 1.9] 141 | 347 0| 270 | 251
96 L0017 41.8 5.5 1 6.2 1.1/ 129 | 319 | 233 | 135§ 90
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RESULZS OF HARMONIC ARALYSIS OF HINGE-MOMENT VARTATIORS
AND ATT.HRON MOTION

COHRY “ON WS VOWN

Fundamonta] Magnituds of harmonica as Phage of resultant for
resultants a percent of the hayrmonics noted, ¢
Tten (1o, — b fundamental (deg)
or dee) 2 3 | v | 5 Ja]lels]la]s
Upper—sirface
hinge moment 27.16 21,7 | 1.7 | 4.5 | 1.8 | 285 { 264 { 161 | 238 | 253
Lover—aurfece
"bhinge moment k7.25 14,3 | 1.2 | 1.2 .8 ] 324 | 187 3| 311 | ehe
Total hinge
_ moment T0.57 1h, 4 3 | 1.3 | 1.2 309|223 | 37|27 | eer
Alle:
motion 5.36 rs | 815 | 80| 76 )3 ]| o3
\":@7
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Figure 1.— Test setup for the measuring of instantaneous pressures on s wing
and oontrol.
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Flgure 2.— Pressure cell used for measuring rapidly varying pressures.
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